We measure the dielectric confinement lengthscales of triplet excitons in organic semiconductors by jointly measuring their microwave-domain electric and magnetic susceptibilities. We apply this technique to characterize triplet excitons in two singlet fission materials with distinct solid-state packing, and correlate the extracted localization lengthscales with the role of the excitonic environment. Using the magnetic susceptibility simultaneously determined through our experiments, we compare the independently extracted dielectric and spin-spin localization lengthscales, highlighting the role of local anisotropy on the properties of excitonic triplet states.
I. INTRODUCTION
The triplet exciton, consisting of a tightly bound electron-hole pair with a total spin of one, manifests itself in many important processes relevant to carbon-based semiconductors. For example, these states are generated in the recombination of free electrons and holes in solarcells 1 or light-emitting diodes 2 which is often detrimental to optoelectronic functionality due to the inability of triplet excitons to separate into extractable carriers or radiatively recombine. The triplet exciton has therefore often been viewed as a loss pathway in organic devices. More recently however, the potential to actively utilize triplets in both photovoltaic, and light-emitting devices has been realized. [3] [4] [5] [6] [7] [8] [9] Particularly important for solar cell applications has been the process of singlet fission which enables rapid conversion of a photogenerated singlet exciton into two triplet excitons. 5, 6, [10] [11] [12] [13] This provides a route to circumvent the traditional thermalization loss limit which hinders energy harvesting, 14 as well new opportunities to explore and utilize optically generated triplet excitons. [15] [16] [17] [18] While the importance of triplet excitonic states grows, their optically dark nature often makes it challenging to elucidate their physical properties, in particular, there are few techniques giving experimental access to their degree of delocalization. 19 One experimental observable which allows insight into the excitonic confinement lengthscale is the dielectric polarizability volume v = α/4π 0 , where α is the polarizability per triplet, and 0 the vacuum permittivity. This parameter contains important information on the electrostatic confinement lengthscale of the triplet excitons, and acts as a probe of their delocalization. For example for singlet excitons in oligomers this quantity measures the volume of the conjugated back-bone, 20 while for wavefunctions confined to nanocrystals or fullerenes it corresponds to approximately the volume of these particles. 21, 22 The polarizability is therefore an important fundamental property to access experimentally. However, in contrast to optically bright singlet excitons where electroabsorption measurements allow access to this quantity, 23 for triplet excitons, this property is much more challenging to measure since selection rules forbid direct excitation of triplet excited states from the singlet ground state.
Unlike spin-zero singlet excitons however, the finite spin carried by triplet excitons offers a distinct degree of freedom to utilize in their characterization, and an unambiguous signature of their presence. This is because the dipolar interaction between electron and hole magnetic moments gives rise to an energy level splitting between the three triplet spin sublevels, even at zero external magnetic field, governed by the zero-field splitting HamiltonianĤ zf s = D(Ŝ 2
where D and E are the zero-field splitting parameters, andŜ = (Ŝ X ,Ŝ Y ,Ŝ Z ) are the triplet spin operators referenced to the magnetic principal axes X, Y, Z. 24 This characteristic zero-field splitting means that triplet excitons can be readily identified through magnetic resonance, providing a direct way of observing these optically dark states. [25] [26] [27] [28] In addition, this interaction provides an estimate of the excitonic spin-spin localization lengthscale since the zero-field splitting parameters are determined by the dipolar coupling between spins, and hence act as a measure of their separation. 24 Here we implement a technique to extract the dielectric localization lengthscales of triplet excitons by jointly measuring their dielectric and spin-resonance susceptibilities which we determine through their impact on the resonance frequency of a microwave resonator. Using two prototypical singlet fission materials, TIPS-tetracene and TIPS-pentacene [29] [30] [31] [32] (Fig. 1) , which display very different solid-state environments, we correlate the observed localization lengthscales with the role of local anisotropy, providing a way of dielectrically characterizing dark triplet exciton states. The magnetic susceptibility simultaneously determined in our experiments allows us to compare our results to the spin interaction lengthscale estimated through the zero-field splitting, which acts as an independent estimate of localization due to the decoupled nature of electronic and spin degrees of freedom in organic semiconductors.
II. EXPERIMENTAL METHODS
As a direct way to measure the polarizability of triplet excitons, we implemented the contactless technique outlined in Fig. 1 which we previously applied to measure the localization lengthscales of charges in polymer:fullerene blends. 33 Our experimental protocol uses a high quality factor (Q 10 4 ) microwave resonator as a sensitive means of directly measuring the triplet exciton polarizability volume through the photoinduced shifts in cavity resonance frequency. Under illumination, the generation of triplet excitons, whose charge density can be displaced within their polarizability volume v causes a net increase in the capacitance of the resonator. This shifts the resonance frequency f to lower values in proportion to the polarizability volume and total excitation number N : 34
Here δf E is the frequency shift due to the increase in dielectric polarizability from photogenerated triplets, and S R = 2.8 mm 2 and λ E = 19.8 µm are the resonator surface area and the effective confinement length of the microwave electric field E 1 , determined by the geometry of our cavity. To normalize by the total population N , and hence extract the polarizability volume per triplet exciton, we exploit the fact that triplet excitons carry a spin of one and can therefore be counted through lightinduced electron spin resonance (LESR). By applying an external magnetic field B in addition to the ac magnetic field B 1 provided by the resonator, our experiment allows us to simultaneously measure the LESR signal from triplet excitons through the shift in resonance frequency as a function of magnetic field:
Here χ is the real part of the magnetic susceptibility per triplet exciton, and λ B = 5.6 µm the effective confinement length of the microwave magnetic field B 1 . (We note that by tracking the resonance frequency shift, we measure the real part of the magnetic susceptibility, in contrast to typical ESR experiments where it is the imaginary part that is determined.) Taking the ratio of the dielectric and magnetic frequency shifts determined as described above allows us to extract the polarizability volume per triplet
To measure these quantities experimentally, we spincoat a layer of singlet fission material onto a multimode Nb resonator [35] [36] [37] which we mount in an optically accessible cryostat. This provides the static field B and a stable bath temperature of T = 2 K, as well as allowing optical illumination with a 532 nm laser. The use of this bifilar resonator geometry is well-suited for organic films since the small electromagnetic mode volume, combined with the high quality factors offered with superconducting resonators, allows for sensitive probing of the thin active layers typical of organic semiconductors. The change in resonance frequency is measured through a microwave reflectometry circuit combined with a feedback loop which allows tracking of the frequency shift as a function of illumination and magnetic field. As an unambiguous signature of triplet excitons, and due to the fact that our superconducting resonator is limited to operating at magnetic fields B 50 mT, we focus here predominantly on the "half-field" transition in the LESR response, 24 occurring at a magnetic field B 1/2 ≈ hf /2gµ B where g is the electron g-factor, and µ B the Bohr magneton (we note that we did not observe a spin-1/2 LESR from free charges in our neat films). Since this half-field transition can only occur for spin-one species it therefore acts as a direct way of identifying triplet excitons. Fig. 2(c) ], i.e. the frequency shift under illumination at B = 0, also scales linearly with the laser intensity, indicating that the two frequency shifts arise from the the same triplet excitons. To extract the polarizability volume from Eq. 3 the only additional parameter needed is the spin-one magnetic susceptibility χ . We determined this quantity by numerically solving the stochastic Liouville equation for triplet excitons in the presence of microwave driving, averaging over randomly oriented molecules to determine the overall response of the film (see Appendix A for further details). Our previous ODMR measurements on TIPStetracene determined triplet zero-field splitting parameters of D/gµ B = 50 mT and E 0 which we fix in our simulations, along with the known bath temperature leaving only a line-broadening parameter which we fit to the data. The resulting fit is shown in Fig. 2(a) , showing good agreement with the experimental spectrum. With χ known, we can extract the triplet exciton polarizability volume v which we find to be v = 15.8Å 3 . Rewriting v = a 3 in terms of an isotropic dielectric localization length a, we find a = 2.5Å. We note that due to a distribution of molecular orientations within the film, the measured polarizability is the average over the three tensorial components α = i α ii /3 where i = x, y, z are the principal axes. In the case of maximal anisotropy, where only one component contributes, the localization length determined from this component will therefore be which is reasonably close to the independently measured dielectric localization length a. We note that these estimates indicate a highy localized triplet state ( Fig. 4 displays representative molecular and crystal lengthscales for comparison), consistent with the weak intermolecular coupling suggested by the TIPS-tetracene crystal packing [ Fig. 4(a) ], 38 and other estimates of triplet localization in organic semiconductors. 19, 39, 40 To investigate the influence of molecular size and packing on the polarizability and spin-spin localization lengthscales we carried out experiments using the molecule TIPS-pentacene 31, 41, 42 which has one more aromatic ring than TIPS-tetracene. Since, to our knowledge, the zero-field spitting parameters of TIPS-pentacene have not been determined, we measured the magnetic susceptibility response at two different resonator harmonics to provide a consistent determination of these quantities [ Fig. 3 
IV. DISCUSSION
As expected based on an increase in molecular size in going from TIPS-tetracene to TIPS-pentacene, both spin-spin and dielectric localization lengthscales increase, however the increase in the dielectric confinement length is much more striking than for the spin-spin case. From a simple perspective based on the modest increase in molecular size, one might expect a relatively modest increase in the polarizability volume between the two molecules with four-and five-membered acene backbones. However, this neglects the role that anisotropy, which can be influenced by both the molecular, and solidstate properties, plays in determing these parameters.
To construct an intuitive picture for the influence of anisotropy on the dielectric and spin-spin localization lengthscales, we take an anisotropic harmonic potential V (r) = 1 2 m(ω 2 x x 2 + ω 2 y y 2 + ω 2 z z 2 ) to represent the confining environment, where m is the effective mass and ω x , ω y , ω z are the oscillator frequencies. The polarizability volume can be derived for this anisotropic environment by considering the displacement of charge caused by an electric field which we average over random orientations to account for the distribution of molecular orientations within the film. This yields v = e 2 12mπ 0 (ω −2
, where e is the electronic charge. In the presence of a strong anisotropy direction, for example ω x ω y , ω z , the polarizability will therefore be dominated by the most weakly confined direction i.e. v ∼ ω −2
x , giving rise to an enhancement of the extracted localization lengthscale, as we observe between TIPS-tetracene and TIPS-pentacene.
The approximate scaling of the spin-spin interaction lengthscale on the different anisotropic dimensions can also be derived using this framework by considering the expectation of the zero-field splitting Hamiltonian over a suitable wavefunction. Written in a form which more explicitly reflects the dipolar nature of this interaction, 24 and the associated interaction lengthscale, we havê
where β = µ0 4π (gµ B ) 2 ,ŝ 1 andŝ 2 are the spin operators for the two electrons and r = r 1 − r 2 is the vector between them with r = |r|. For triplet states with a symmetric spin wavefunction, the orbital wavefunction must be antisymmetric, which in a two-state basis formed of single-particle wavefunctions φ a , φ b , becomes
(We note that the exclusion principle enforced by this Slater determinant removes any singular behavior in the expectation value of the dipole-dipole interaction associated with the limit r → 0.) To proceed analytically, we take φ a as the ground state wavefunction φ a (r) = i φ 0 (r i ) where φ 0 (r i ) are the single particle harmonic oscillator ground-state wavefunctions in the directions r i = x, y, z, and φ b as a singly excited state φ b (r) = φ 1 (r j ) i =j φ 0 (r i ) where φ 1 (r j ) is the first excited harmonic oscillator wavefunction along the direction r j . With these wavefunctions, the dependence of the dipole-dipole interaction on the anisotropic confinement can be found by calculating the expectation Ĥ zf s = Φ|Ĥ zf s |Φ . Unlike the polarizability volume, we find that the zero-field splitting is no longer dominated by only one confinement direction and exhibits a weaker dependence on the anisotropy. For the uniaxial case ω y = ω z = ω with a single particle excitation along z, i.e. φ b (r) = φ 0 (x)φ 0 (y)φ 1 (z), we are able to obtain an analytic expression for the D parameter (see Appendix B).
The different scalings of the polarizability volume and D-parameter in this model are shown in Fig. 4(c) which plots the normalized values v/v 0 , D 0 /D, and their ratio vD/v 0 D 0 as a function of the anisotropy ω/ω x , where v 0 and D 0 are the corresponding values for ω x = ω y = ω z = ω. Since v and βD −1 represent polarizabilty, and spin-spin interaction volumes respectively, this plot highlights the different scaling of these two parameters with anisotropy. The stronger dependence of the polarizability volume on anisotropy compared to the zero-field splitting D is apparent, clearly reflected in the ratio vD/v 0 D 0 , which for the same dependence on anisotropy should be independent of ω/ω x , but grows strongly with this anisotropy ratio. While our estimates will in general depend on the precise exciton wavefunctions, they highlight the different way that anisotropy is reflected in the polarizability and spin-spin lengthscales, borne out through the values measured in the two different materials systems.
Turning to the physical origin of this anisotropy, we note that this can have contributions from both the intramolecular environment -for example the breaking of molecuar symmetry by the TIPS groups in TIPStetracene, but not in TIPS-pentacene -as well as contributions from the intermolecular environment, where the distinct crystal packing in the two materials suggests itself as a contributing factor. For TIPS-tetracene, the crystal packing 41, 43 [ Fig. 4(a) ] indicates a modest π − π interaction due to the distinct orientations of neighboring molecules (also pointed to by the similarity between absorption spectra in solution and solidstate). For TIPS-pentacene however, the face-to-face stacking shown in Fig. 4(b) indicates a significantly more anisotropic environment, 41, 44 and a greater influence of intermolecular interactions between neighbouring molecules 42, 44 (also pointed to by the significant difference between solution and film absorption spectra. 31 ) We note that anisotropy has been shown to play an important role in triplet exciton diffusion in molecular semiconductors, with the experimental characterization typically relying on radiative triplet-triplet annihilation to track energy migration. 15, 45, 46 By using the polarizabilty, the results presented here open up a different way of probing anisotropy without the requirement for an emissive recombination channel.
Finally, in addition to estimating the dielectric localization lengthscales, our experiments also allow us to estimate the characteristic dielectric relaxation time associated with the triplets τ D by comparing the real and imaginary parts of the dielectric susceptibility. This parameter, which reflects how fast the triplet excitons can respond to the ac electric field E 1 , is accessible through our experiments by comparing the frequency shift δf E and the change in inverse quality factor of the resonator δQ −1 E at zero magnetic field, shown in Fig. 4(d) for different laser intensities. Taking a Debye response (corresponding to exponential relaxation) of α(ω) = α 0 /(1 + ωτ D ), with ω = 2πf , the dielectric relaxation time is given by
For both materials we find a similar response time of τ D = 3 − 4 ps, this relatively fast response reflecting the localized nature of the excitonic triplet states. Furthermore, with the known magnetic susceptibility, and film thicknesses measured through atomic force microscopy to be W 500 nm for TIPS-tetracene and W 225 nm for TIPS-pentacene, Eq. 2 allows us to estimate the triplet density n in our experiments. At peak illumination, we find n = 3.3 × 10 24 m −3 for TIPStetracene and n = 4.5 × 10 23 m −3 for TIPS-pentacene, giving average triplet separations of n −1/3 = 7 nm and 13 nm. This corresponds to roughly one triplet per 300 molecules for TIPS-tetracene and one triplet per 2300 molecules for TIPS-pentacene, based on the molecular density determined from the crystal unit cells (Fig. 4 ).
V. CONCLUSION
To summarize, we have implemented an experimental technique to extract the dielectric localization lengthscale of triplet excitons which we have applied to two model singlet fission materials. Using this technique, we have compared the dielectric localization lengthscale, which characterizes the distance over which the excitonic charge density is confined, to the independently estimated spinspin interaction lengthscale which characterizes the distance over which electron and hole interact through the magnetic dipolar interaction. These results highlight the localized nature of triplet excitons in organic semiconductor materials and the role of anisotropy in the local excitonic environment. Our experiments demonstrate the utility of dielectric and magnetic susceptibility measurements to investigate the properties of excitonic triplet states.
ρ under microwave irradiation:
HereĤ 0 =Ĥ Z +Ĥ zf s is the static spin Hamiltonian consisting of the Zeeman interaction,Ĥ Z = gµ B B ·Ŝ where B is the external magnetic field, and the zero-field splitting HamiltonianĤ zf s .Ĥ 1 (t) = gµ B B 1 (t)·Ŝ is the ac spin Hamiltonian with microwave magnetic field B 1 (t), γ the decay term which acts as a line-broadening parameter, andρ eq is the thermal equilibrium density matrix. Working in the eigenbasis of the static Hamiltonian such thatĤ 0,nm = ω nm δ nm , where ω nn are the eigenvalues of H 0 , the susceptibility is found by first performing a perturbative expansion ofρ in powers ofĤ 1 (t) and solving for the first-order contribution 47
where we have introduced the Fourier decomposition of B 1 (t) = ω B 1 (ω)e −iωt where ω is the microwave frequency. The susceptibility is found from the induced magnetization m(ω) = gµ B Tr(ρ (1) S) = χ (1) B 1 (ω)/µ 0 , which yields
wheren is the unit vector in the direction of the ac magnetic field B 1 . This expression gives us the susceptibilty for a single triplet with its zero-field splitting tensor at a fixed orientation with respect the magnetic field. To find the response of the film, we average over molecular orientations to obtain the total susceptibility, whose real part χ determines the LESR frequency shift δf B .
Appendix B: Expectation of the zero-field splitting Hamiltonian
To extract the D-parameter within the model presented in the main text, we rewrite the expectation of the zero-field splitting Hamiltonian (Eq. 4) in terms of relative, and centre-of-mass co-ordinates: r = r 1 −r 2 and R = (r 1 + r 2 )/2 Ĥ zf s = Φ R (R)|Φ R (R) Φ r (r)|Ĥ zf s (r)|Φ r (r) , (B1)
where |Φ(r 1 , r 2 ) = |Φ R (R) |Φ r (r) . This separates the calculation into an integration over centre-of-mass coordinates, and the expectation ofĤ zf s over relative coordinates which can both be performed analytically. The D-parameter is recovered by moving from the representation ofĤ zf s in the two-electron basis, with spin operatorŝ s 1 andŝ 2 (Eq. 4), to the representation in the triplet basis, with spin operatorŜ (Ĥ zf s = D(Ŝ 2 z −Ŝ 2 /3) + E(Ŝ 2
x −Ŝ 2 y )), which can be achieved by using the relation s 1,iŝ2,i = 1 2 (Ŝ 2 i − 1 4Ŝ 2 ).
